Abstract: Recent research on short-term topographic change in the Yangtze Estuary channel under storm surge conditions is briefly summarized. The mild-slope, Boussinesq and action balance equations are compared and analyzed. The action balance equation, SWAN, was used as a wave numerical model to forecast strong storm waves in the Yangtze Estuary. The spherical coordinate system and source terms used in the equation are described in this paper. The significant wave height and the wave orbital motion velocity near the bottom of the channel during 20 m/s winds in the EES direction were simulated, and the model was calibrated with observation data of winds and waves generated by Tropical Cyclone 9912. The distribution of critical velocity for incipient motion along the bottom was computed according to the threshold velocity formula for bottom sediment. The mechanism of rapid deposition is analyzed based on the difference between the root-mean-square value of the near-bottom wave orbital motion velocity and the bottom critical tractive velocity. The results show that a large amount of bottom sediments from Hengsha Shoal and Jiuduan Shoal are lifted into the water body when 20 m/s wind is blowing in the EES direction. Some of the sediments may enter the channel with the cross-channel current, causing serious rapid deposition. Finally, the tendency of the storm to induce rapid deposition in the Yangtze Estuary channel zone is analyzed.
Introduction
Waves are one of the main hydrodynamic forces in coastal zones. In the Yangtze Estuary (Figure 1 ), it is thought that the bottom sediments are lifted by wave action and transported by tidal current. Sediment transport in the estuary channel zone is closely related to storm waves. Waves in the shoal area that are strong enough to lift the bottom sediment cause large-scale fluid mud movement. The waves in the estuary are mainly wind waves and hybrid waves. Past experience shows that bed shear stress caused by waves generated by winds of Beaufort force 4 or 5 in the E or S direction is equivalent to that caused by the spring tide in the flood season (Xu et al. 1989; Gu 1986 ). There is even greater erosion when the spring tide and the tropical cyclone happen to take place at the same time, causing serious sediment deposition in the channel. Although the storms do not remain in a fixed place for a long period of time, a large amount of sediments leave the shoal bed and a thick layer of fluid mud forms on the channel bed, leading to disasters for coastal engineering. It is reported that storm wave aggradation accounts for 30% to 40% of the thickness of aggradational morphology in the Yangtze Delta. More than × 10 6 m 3 of sediments were deposited in the Yangtze Estuary channel when
Tropical Cyclone 8310 invaded the estuary zone (Xu et al. 1989) . Fluid mud deposition with a thickness of 1.2 m covering the entire 28-km length of the Tongsha Channel was observed in the Yangtze Estuary in 1976 (Gu 1986 ). Many experts have paid a great deal of attention to the effects of storm surges on short-term topographic change in coastal areas. Ren et al. (1983) and Li et al. (1995) analyzed the effects of storm surges on the formation of tidal shoals on the coast of Jiangsu Province. Gu (1988) suggested that storm surges are one of the most important factors in riverbed evolvement in the Yangtze Estuary in his analysis of storm surge data in 1974. Engineers have observed rapid deposition on the riverbed during the tropical cyclone process in which sediment is deposited in the channel while the shoal surface erodes. However, the mechanisms of the storm waves' effect on rapid deposition are still not clear. Research is mainly focused on the abnormal variations of water level in the Yangtze Estuary resulting from storm surges; little research has been done on storm waves' contribution to the development of shoals and channels in the estuary zone. The fact is that the violent oscillatory motion of the water particles near the bottom under storm waves is large enough to lift a great amount of bottom sediments, even if the tidal current isn't considered. During a storm surge, the lifting of the fluid mud, newly deposited sediment and solid bed sediment are mainly caused by the strong current and the storm waves. Therefore, there is an urgent need for a better understanding of the effects of storm waves on rapid deposition in the Yangtze Estuary channel.
This paper proposes a numerical model suitable for forecasting storm waves in the estuary. Wave parameters in the channel zone such as the significant wave height and the wave orbital motion velocity near the bottom are numerically simulated. The influence of dynamic storm waves on rapid deposition in the Yangtze Estuary channel is studied through analysis of the sediment's critical characteristics.
Numerical model for storm waves
Due to complicated topography and unsteady hydrodynamic conditions, accurately forecasting waves in the Yangtze Estuary remains a difficult problem. The mild-slope equation model (Berkhoff 1972; Radder 1979 ) is capable of simulating wave refraction, diffraction, reflection, bottom friction and wave breaking processes. However, this numerical method is based on the linear theory and can only describe the propagation process of mono-frequency waves. The Boussinesq equation (Nwogu 1993) , which is a 2D nonlinear wave equation for shallow water, includes wave shoaling, refraction, diffraction and reflection processes, but is only suitable for a small-scale area. The action balance equation (Ris et al. 1994 ), which treats waves as an irregular random process, can reasonably describe wave shoaling, refraction, diffraction, bottom friction, wave breaking, whitecapping, wind energy input and nonlinear wave processes. Thus, it is applicable to large-, middle-and small-scale water areas. This wave model has been applied successfully, especially in forecasting wind waves in the surf zone, at coastal, estuary, offshore and ocean scales (Xu et al. 2000a (Xu et al. , 2000b . In the Yangtze Estuary, trenches crisscross the shoals, storm waves and hybrid waves dominate, and strong nonlinear wave-wave interactions take place. The action balance equation is the most suitable model for forecasting storm waves in this area. In this study, the SWAN model, a third generation wave model based on the action balance equation, is used for typhoon-generated wave simulation.
Action balance equation in a spherical coordinate system
The spectrum in this model is the action density spectrum, ( ) , N σ θ , rather than the energy density spectrum, ( ) , E σ θ , since the action density, unlike the energy density, is conserved in the presence of a current field. The action density spectrum is expressed as
(1) In other words, the energy density spectrum is divided by the relative frequency, σ . The spectrum density may vary in time and space. In spherical coordinates, the spectral action balance equation is
The first term on the left side of this equation represents the local rate of change in the action density, N , over time; the second and third terms represent propagation of action density in the longitude, λ , and latitude, ϕ , directions, respectively; the fourth term represents the shifting of the relative frequency, σ , due to variations in depth and current; the fifth term represents propagation in θ space, that is, the depth-induced and current-induced refraction;
S on the right side is an energy-density-related source term that includes wave growth caused by wind, wave-wave interactions and wave energy dissipation due to bottom friction, whitecapping and wave breaking; and C λ , C ϕ , C σ , and C θ represent the wave propagation velocities in λ , ϕ , σ and θ spaces, respectively.
Description of source terms
This model applies the most advanced research achievements in wave theory. In accordance with previous data and past research in the Yangtze Estuary, the spectral wave energy input and output terms are calculated according to the following methods: the wind energy input term is based on the resonance mechanism of Phillips (Cavaleri and Malanotte-Rizzoli 1981) and the feedback mechanism of Miles (Komen et al. 1984) ; the bottom friction coefficient ranges from 0.004 to 0.008, which is consistent with many years of engineering research in the Yangtze Estuary (RICOE 1998); waves propagating from deep to shallow water lose energy due to depth-induced breaking, and the relationship between the maximum individual wave height, γ is a breaker parameter defined as 0.73; the process of whitecapping is represented by the phase-based model of Hasselmann (1974) , in which a wave number is used to describe energy dissipation due to whitecapping; the Discrete Iterative Approximation (DIA) method (Hasselmann et al. 1985 ) is used to compute quadruplet wave-wave interactions in deep or intermediate water depth; and the representation of the process of triad wave-wave interactions in very shallow water is based on the research of Abreu et al. (1992) .
Model verification
Tropical Cyclone 9912 was first recorded on the ocean surface 550 kilometers east of Taiwan Island on September 19, 1999. Its wind reached a maximum value of over 48 m/s on September 22. The tropical cyclone landed in Nagasaki, Japan on September 24. The winds observed at observation stations in the Yangtze Estuary are shown in Table 1 (QOUOFCS  2000) . The observed wave data at Sheshan station (122°14.4 E, 31°25.3 N) and Niupijiao station (122°15 E, 31°8 N) are shown in Table 2 and Table 3 . Using the daily average wind speed and wind direction in the estuary as the input for the simulation, significant wave height, 1/ 3 H , and mean wave period, T , were computed. The results are shown in Table 2 and Table 3 . 
Numerical simulation of storm waves in the Yangtze Estuary deep channel
Water depth data from the deep channel zone are obtained from the Yangtze Estuary marine chart of 1997. The mean water level is 2.22 m. A coordinate (120°58 E, 30°0.5 N) is defined as the origin of the computational domain, the E direction is defined as the x direction and the N direction is defined as the y direction. The cell size in both the x and y directions is 0.5 . The computational domain is 1°43 long in the x direction and 30 long in the y direction. The JONSWAP spectrum and four-order cosine function are applied to define the input 2D wave spectrum. The input wind velocity is 20 m/s, according to the recorded maximum from observation data, and its direction is 157.5°. The spectral wave direction distribution in θ space ranges from 67.5°to 247.5°in the counter-clockwise direction. The directional resolution is 3 . The computational range of spectral frequency, σ , is defined from 0.05 Hz to 1.2 Hz , the mesh number is 13 and the frequency distribution on the frequency axis is logarithmic. The model domain includes Xuliujing at the western boundary, Luhuashan Island at the eastern boundary, the northern part of Lianxinggang at the northern boundary, and the connecting line between Luchaogang and Luhuashan Island as the southern boundary. 
Significant wave height in the deep channel zone
Significant wave height in the deep channel zone of the Yangtze Estuary is simulated under the input conditions above. The origin coordinate of the output computational area is (121°41.5 E, 31°3.5 N), and the lengths in the x and y directions are 37.5 and 18 , respectively. Significant wave height in the deep channel zone is shown in Figure 2 , where the units are transformed from degrees to meters. 
Wave orbital motion velocity near the bottom in the deep channel zone
The root-mean-square value of wave orbital motion velocity near the bottom represents the waves' potential energy to lift the bottom sediments. Its physical meaning is therefore more obvious than wave height. For irregular random waves, the root-mean-square value of the wave orbital motion velocity near the bottom, 1/2 2 rms 1 
where d is water depth, k is wave number, σ is angular frequency, and ( , ) E σ θ is spectral density. 
Rapid deposition mechanism of the Yangtze Estuary deep channel under the influence of storm waves
The Yangtze Estuary is a muddy estuary. The sediment particles are fine and cohesive. Based on shallow drilling data from the estuary (RICOE 1998), the median diameter of sediment particle, 50 d , ranges from 0.004 5 mm to 0.2 mm. Under strong storm wave conditions, the shearing force on the surface of the bottom sediment layer increases, due to the combined actions of the bottom wave particle oscillations and the bottom currents. The sediment is lifted into the water body when the sediment flocculation structure is torn up. For the newly deposited sediment that is not compressed into solid bed sediment, the cohesive force within sediment particles must be considered. The formula proposed by Wuhan Hydropower College (SPCCHI 1992) 
If only wave action is taken into account, the bottom sediment is lifted when the root-mean-square value of the wave orbital motion velocity near the bottom is larger than the bottom critical tractive velocity. Figure 4 shows that the root-mean-square values of orbital motion velocity near the bottom are larger than the bottom critical velocity at Hengsha Shoal, a large part of Jiuduan Sandbank and some areas of Hengsha East Sandbank. The energy of storm waves acting on the shoals and sandbanks is strong enough to overcome the internal cohesive force of bottom sediments. The flocculation structure will be torn up and bottom sediment will be lifted into the water body. In fact, under these conditions, the fluid mud on the bottom is lifted before the bottom sediments.
Conclusions
The action balance equation, with a spherical coordinate system, was applied to the forecasting of storm waves in the Yangtze Estuary. The model was calibrated with field data observed during the tropical cyclone process. The significant wave height and the wave particle orbital motion velocity near the bottom of the deep channel zone were numerically simulated. The difference between the root-mean-square value of the orbital motion velocity near the bottom and bottom critical tractive velocity in the deep channel zone was computed according to the critical tractive velocity formula for bottom sediment.
Simulation results show that 20 m/s winds in the EES direction produce large significant wave heights in the channel zone beneath Hengsha East Sandbank Deep Trench, at Hengsha Shoal and along a large part of Jiuduan Sandbank. The wave orbital motion velocity near the bottom is strong enough to lift the bottom sediment into the water body in the aforementioned area, even if the current is not taken into account. The results also indicate that the scour force in the shoal and sandbank zone is stronger than that in the deep trenches and troughs. It can be concluded that the effect of storm waves is to scour the shoal and sandbank and deposit sediment in the deep trenches and troughs. Wind conditions described in this paper are not extreme: the EES direction is not the most dangerous direction and 20 m/s is not the maximum wind velocity in the Yangtze Estuary channel. If the cyclone remains in the estuary for a long period of time, a great amount of sediment will be lifted and brought into the channel by the clockwise tidal current field and then become permanent deposition.
However, some problems remain to be solved: (1) During the process of erosion and deposition in the Yangtze Estuary, the fluid mud should be lifted first, followed by the newly deposited silt, and lastly the solid bed sediment. The bottom shearing forces created by storm waves are large enough to lift the sediment in a large part of the shoal and sandbank area, but the threshold property of solid bed sediments needs to be studied further. (2) A large belt of waves breaks in the Yangtze Estuary surf zone as a result of the strong wind storms and complicated topography. The short-term strong erosion due to wave breaking within this belt remains a difficult problem, and needs to be studied further. (3) The storm currents in the Yangtze Estuary are very strong. In addition, the tropical cyclone wind field is non-stationary; it varies dramatically in space and time. In order to forecast the process of rapid deposition, a coupled model, including storm waves, storm currents and tidal currents, should be developed in the future.
